ABSTRACT Phylogenetic analysis of recently described gall-forming Fergusonina Malloch ßies was performed using DNA sequence data from the mitochondrial cytochrome oxidase I gene. Fifty-three ßies reared from nine species of Melaleuca L. were sequenced. Species boundaries delimited by mitochondrial data conÞrm recent morphological investigation with one exception. Fergusonina turneri Taylor, believed to feed on both Melaleuca quinquenervia (Cav.) S. T. Blake and Melaleuca fluviatilis Barlow, seems to be comprised of two cryptic species, each specialized on one of the two hosts. Because F. turneri is under consideration as a potential biological control agent for invasive M. quinquenervia in the Florida Everglades, understanding cryptic variation and the degree of dietary specialization of this species is critical.
PLANT-FEEDING INSECTS FORM AN extraordinarily diverse assemblage (Ehrlich and Raven 1964, Strong et al. 1984) , individual species of which can exhibit a wide range of feeding patterns from broad polyphagy to extreme dietary specialization (Ward and Spalding 1993, Bernays and Chapman 1994) . One complication to fully cataloging, describing, and understanding the diversity of phytophagous insects is that sometimes what initially seems to be a single poly-or oligophagous species actually represents a collection of highly specialized, closely related, or even cryptic species (Kulp 1968 , Fox and Morrow 1981 , Spencer 1990 ). Molecular systematics can play a critical role in delineating species and providing corroboration for evidence on species limits obtained from other sources, such as morphology, ecology, and/or behavior (Scheffer and Wiegmann 2000) . In cases of agricultural pests or potential biological control agents, it is especially important to adequately delineate biologically distinct species and populations (Rosen 1977 , Rossman and Miller 1996 , Scheffer 2004 .
Fergusonina Malloch (Diptera: Fergusoninidae) ßies and Fergusobia Currie (Tylenchida: Neotylenchidae) nematodes together form galls on plants in the Myrtaceae in what seems to be a unique and obligate mutualism found primarily in Australasia (Currie 1937 , Giblin-Davis et al. 2004b ). All female Fergusonina ßies carry reproductive nematodes within their abdomens. During ßy oviposition, both ßy eggs and juvenile nematodes are deposited on or near undifferentiated meristematic tissues of the plant host (Currie 1937; GiblinDavis et al. 2001 GiblinDavis et al. , 2004b . The resulting galls develop on shoot buds, inßorescence buds, ßower buds, leaves, or stems, depending on which species are involved (Currie 1937 , Giblin-Davis et al. 2004a . Fergusonina/ Fergusobia galls have been recorded from Ͼ65 species of myrtaceous host plant species, primarily within the Leptospermoideae, e.g., Eucalyptus, Corymbia, Angophora, and Melaleuca (Currie 1937 , Giblin-Davis et al. 2004b . Presently, 21 Fergusonina ßy species have been described in association with Eucalyptus (Tonnoir 1937), one species has been described from Syzygium (Harris 1982) , and seven species have been described from Melaleuca (Taylor 2004) , although it is likely that tens or even hundreds of Fergusonina species on myrtaceous hosts remain to be discovered.
Fergusonina that feed on Melaleuca have recently become the subject of intensive study with the goal of identifying a potential biological control agent for the invasive paperbark tree, Melaleuca quinquenervia (Cav.) S. T. Blake (Goolsby et al. 2000) . This plant is a highly invasive weedy species currently occupying Ͼ500,000 acres in southern Florida and constituting a severe threat to the Everglades ecosystem (Laroche and Ferriter 1992, Turner et al. 1998) . A survey of pests and pathogens attacking native Australian populations of this species uncovered an inßorescence bud-galling fergusoninid as a possible candidate for use in biological control (Balciunas et al. 1994 (Balciunas et al. , 1995 Goolsby et al. 2000) . However, surveys of other Melaleuca species indicated that very similar ßies attacked these plants, raising questions of species limits and host speciÞcity of the potential biological control agent. Subsequent morphological study delineated 12 fergusoninid species (but only assigned names to seven) from the nine Melaleuca species known to host Fergusonina ßies (Taylor 2004 ), but little is known concerning relationships among species and patterns of host use evolution. Additionally, morphological investigation found that Fergusonina turneri Taylor, the potential biological control agent for M. quinquenervia, possesses subtle morphological variation across its range (Taylor 2004) and also seems to feed on Melaleuca fluviatilis Barlow, a degree of oligophagy not recorded in the other Melaleuca feeders.
The purpose of this study was to use phylogenetic analysis of mitochondrial sequence data to investigate species limits, host speciÞcity, and host use evolution in Melaleuca feeding fergusoninids. Particular attention was paid to geographic and host plant-associated variation in F. turneri, the potential biological control agent feeding on M. quinquenervia and M. fluviatilis. SpeciÞcally, we asked how variation within this species is structured and whether some populations seem to be more suitable than others for use as a biological control agent.
Materials and Methods
Fergusonina specimens were obtained from Melaleuca hosts in a variety of locations in Queensland Australia (Table 1 ; Fig. 1 ). Larval, pupal, and/or adult specimens were preserved for study in 95% ethanol and stored at Ϫ80ЊC. Voucher specimens of most species have been deposited at the National Museum of Natural History in Washington, DC. When voucher material consists of a portion of an extracted specimen, the voucher carries the specimen extraction code given both in Fig. 2 and in GenBank records.
Extraction of total nucleic acids from single specimens (or portions thereof) was accomplished using the DNeasy insect protocol B (QIAGEN, Valencia, CA). Polymerase chain reaction (PCR) ampliÞcation of most of cytochrome oxidase I (COI) was carried out using a Mastercycler Gradient thermocycler (Eppendorf ScientiÞc, Inc., Westbury, NY) with a touchdown ampliÞcation program: initial denaturation at 92ЊC for 2 min, followed by two touchdown cycles from 58 to 46ЊC (10 s at 92 C, 10 s at 58Ð46ЊC, 2 min at 72ЊC), 29 cycles of 10 s at 92ЊC, 10 s at 45ЊC, 2 min at 72ЊC, and a Þnal extension step for 10 min at 72ЊC. A single fragment of 1533 bp resulted from PCR ampliÞcation with primers C1-J-1535 (5Ј-ATTGGAACTTTATAT-TTTATATTTGG-3Ј) and TL-N-3017 (5Ј-CTTAAAT-CCATTGCACTAATCTGCCATA-3Ј) (primer names follow the system of Simon et al. (1994) . PCR product was puriÞed using the QIAquick PCR puriÞcation kits (QIAGEN).
We sequenced an Ϸ800-bp portion of the COI gene located at the 3Ј end of the original ampliÞ-cation product. Complimentary strands of this region were sequenced using the internal primers C1-J-2183 (5Ј-CAACATTTATTTTGATTTTTTGG-3Ј), C1-J-2441 (5Ј-CCTACAGGAATTAAAATTTTTAG TTGATTAGC-3Ј), and C1-N-2508 (5Ј-CTCCAGTTA-ATCCTCCAACTGTAAAT-3Ј) as well as the external primer TL-N-3017. Sequences were deposited in GenBank under accession numbers AY687933ÐAY687987.
ABI Big Dye Terminator sequencing kits (Applied Biosystems, Foster City, CA) were used for all se- quencing reactions with the modiÞcation that volume of all reaction components was reduced to 25% of that recommended by the manufacturer. Sequence data were obtained by analyzing samples on an ABI 377 Automated DNA sequencer. Contig assembly, as well as the Þnal alignment of consensus sequences, was accomplished using the program Sequencher (Gene Codes Corp., Ann Arbor, MI).
Maximum parsimony analysis of the dataset was performed using the heuristic search feature of PAUP* 4.0b8 (Swofford 2001 ) with 50 random addition replicates. Bootstrapping was performed with 500 pseudoreplications of the dataset. No effort was made to remove identical haplotypes from these analyses; sequence data from all ingroup specimens was used. Outgroups used in the analysis of this dataset were the congeners Fergusonina lockharti Tonnoir, reared from a terminal leaf gall on Eucalyptus camaldulensis Dehnh, and Fergusonina nicholsoni Tonnoir, reared from a ßower gall on Eucalyptus macrorhyncha F. Muell. ex Benth. These eucalypt-feeding species were found to be phylogenetically outside of the Melaleuca feeders in an analysis of the entire genus (Scheffer et al., unpublished data) .
Results
For molecular analyses, we were able to obtain eight of the 12 species delineated by Taylor (2004) . The Þnal aligned dataset consisted of sequences from 53 ingroup specimens and two outgroup taxa and was 745 bp in length. Uncorrected pairwise distances ranged from 0 to 14.8% within the ingroup and from 14.1 to 17.2% from the ingroup to the outgroups (Table 2) .
Parsimony analysis resulted in four equally parsimonious trees, one of which is shown in Fig. 2 . The four equally parsimonious trees differed only in intraspeciÞc arrangements; the branches recovered in the strict consensus are indicated in bold in Fig. 2 . All leaf bud-galling fergusoninids on Melaleuca formed a monophyletic group with strong bootstrap support. Fergusonina goolsbyi Taylor, which forms a morphologically distinct stem gall on Melaleuca nervosa (Lindl) Cheel, exhibited relatively high levels of divergence from the other Melaleuca feeders (Table 2) . Excluding F. goolsbyi from the analysis lowered the maximum pairwise distance within the ingroup from 14.8 to 7.1%.
All named Melaleuca-feeding fergusoninid species formed distinct clusters with generally high bootstrap support (Fig. 2) , and all such species also were recovered in the strict consensus. Although in some cases sampling was limited, with the exception of F. turneri, the potential biological control agent, all named species exhibited maximum uncorrected pairwise distances of 1.1% or less. In contrast, uncorrected pairwise distances within F. turneri ranged from 0 to 5.5%. Inspection of the four equally parsimonious phylograms (Fig. 2) and/or the strict consensus (data not shown) indicates that this named species contains three distinct lineages: one clade, FTQ, feeding only on M. quinquenervia, and two sister clades, FTF-A and FTF-B, feeding only on M. fluviatilis. The maximum uncorrected pairwise distance within the M. quinquenervia-feeding clade FTQ was 2.0%, within both FTF-A and FTF-B clades on M. fluviatilis was 0%, and between the two M. fluviatilis clades was 3.0%.
Discussion
Molecular analysis of species limits in the Melaleucafeeding fergusoninids largely corroborates previous morphological study (Taylor 2004 ). All of the host- (Fig. 2) . speciÞc species delimited here by molecular analysis of mitochondrial variation correspond to species deÞned by morphological analysis. Most of the species are bud gallers that are similar both morphologically and molecularly. The stem galler on M. nervosa, F. goolsbyi, is distinct in both morphological (Taylor 2004 ) and molecular characters (Table 2) . This species may represent an independent colonization of Fig. 2 . One of four equally parsimonious phylograms resulting from parsimony analysis of mitochondrial COI sequence data from Fergusoninia ßies. Estimated branch lengths shown above branches, bootstrap values (based on 500 pseudoreplicates) shown below. Branches recovered in the strict consensus are indicated in bold. Host plant from which specimen was reared given after specimen code. Within F. turneri, the collection location reference number is given in parentheses; the geographic distribution of collections is shown in Fig. 1 . Melaleuca and will be considered more fully elsewhere (Scheffer et al., unpublished data) .
Most species exhibited little intraspeciÞc mitochondrial variation, although sampling from some species was limited. F. turneri, the only species described as feeding on two hosts, exhibited substantial mitochondrial variation structured by both host and geography ( Figs. 1 and 2 ). All F. turneri from southern locations were reared from M. quinquenervia and formed one well-supported clade, whereas those from northern locations were reared from M. fluviatilis and formed another well-supported clade (Figs. 1 and 2 ). Given the uncorrected pairwise distances (Table 2) between the M. quinquenervia ßies and the M. fluviatilis ßies of 3.2Ð5.1%, it seems likely that the differences observed between them represent species level divergence, but it remains possible that ßies on the two hosts represent a single geographically structured species. Even within the M. quinquenervia-feeding clade, geographic structure is evident, with more southern populations forming a distinct group (Figs. 1 and 2 ). With morphological characters there were some differences observed between ßies collected from M. fluviatilis (northern Queensland) compared with ßies from M. quinquenervia (southern Queensland and northern New South Wales), and some minor, overlapping character differences between ßies from northern and southern localities in the southern portion of its range on M. quinquenervia (Taylor 2004) . Additional sampling of ßies from M. quinquenervia and M. fluviatilis from intervening geographic regions and from sympatric populations is necessary to fully resolve questions of species boundaries.
Similar issues arise when considering mitochondrial variation observed within M. fluviatilis-feeding ßies; the species status of the two clades FTF-A and FTF-B cannot be determined with the present data. Even though the haplotypes detected in this study differ by 3.0%, a value within the range of interspeciÞc divergences previously observed between sister species of ßies (Scheffer and Wiegmann 2000) , we cannot determine from this single gene region whether more than one species is present. Additional sampling with special attention given to biological features of M. fluviatilis gallers and collection of data from additional genes will be required to determine whether one or two species are present on M. fluviatilis.
That the ßies attacking M. quinquenervia seem to form a distinct host-speciÞc species is important information for consideration of F. turneri as a biological control agent of this plant. Most importantly, it suggests that all populations of F. turneri are not equal in their potential for use as a biological control agent for M. quinquenervia. F. turneri reared from M. fluviatilis (FTF-A and FTF-B) may represent a distinct hostspeciÞc species and would be unlikely to Þnd M. quinquenervia suitable for oviposition and/or development. Biological control efforts should focus on F. turneri reared from M. quinquenervia (FTQ).
Although behavioral tests of oviposition response to a number of plant species are necessary when considering a plant-feeding insect for release as a potential biological control agent (Wapshere 1974 , Cullen 1990 , Blossey 1995 , historical information from a phylogenetic perspective can provide important insights. In addition to providing evidence on species boundaries, a phylogenetic approach can identify actual host shifts that have occurred in the evolutionary history of a particular lineage. For example, F. turneri belongs to a lineage that has fed only on Melaleuca for a considerable length of time. Assuming the Melaleuca bud gallers form a monophyletic group (supported by phylogenetic analysis of the entire genus (Scheffer et al., unpublished data)), we can use a generalized molecular clock estimate for insect mitochondrial DNA of 2.3% per million years (Brower 1994) to roughly indicate the length of time that this group of ßies has fed exclusively on Melaleuca. The maximum pairwise divergence within the Melaleuca bud gallers of 7.1% suggests an estimate of 3.1 million years since these ßies colonized Melaleuca. Although past performance is no guarantee of future behavior, especially when insects are placed in a new environment, knowing that F. turneri belongs to a long-standing Melaleuca-feeding lineage rather than a lineage prone to major host shifts suggests that it should remain speciÞc to Melaleuca. Because there are no native Melaleuca species in Florida, where introduction of F. turneri is under consideration, the data presented here suggest that the risk Fig. 2 ), here designated FTQ for those on M. quinquenervia, and FTF-A and FTF-B for two groups on M. fluviatilis.
of acquisition of new hosts by introduced F. turneri would be small.
